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Abstract.  Cellular homeostasis in neurons requires 
that the synthesis and anterograde axonal transport of 
protein and membrane be balanced by their degrada- 
tion and retrograde transport.  To address the nature 
and regulation of retrograde transport in cultured sym- 
pathetic neurons,  I analyzed the behavior, composi- 
tion,  and ultrastructure  of a class of large,  phase-dense 
organelles whose movement has been shown to be 
influenced by axonal growth (Hollenbeck, E  J., and D. 
Bray.  1987. J.  Cell Biol.  105:2827-2835).  In actively 
elongating axons these organelles underwent both an- 
terograde and retrograde movements, giving rise to 
inefficient net retrograde transport.  This could be 
shifted to more efficient, higher volume retrograde 
transport by halting axonal outgrowth, or conversely 
shifted to less efficient retrograde transport with a 
larger anterograde component by increasing the intra- 
cellular cyclic AMP concentration.  When neurons 
were loaded with Texas red-dextran by trituration,  au- 
tophagy cleared the label from an even distribution 
throughout the neuronal  cytosol to a punctate, presum- 
ably lysosomal, distribution in the cell body within 72 
h.  During this process,  100%  of the phase-dense or- 
ganelles were fluorescent,  showing that they contained 
material  sequestered from the cytosol and indicating 
that they conveyed this material to the cell body. 
When 29 examples of this class of organelle were 
identified by light microscopy and then relocated using 
correlative electron microscopy, they had a relatively 
constant ultrastructure consisting of a bilamellar or 
multilamellar boundary membrane and cytoplasmic 
contents, characteristic of autophagic vacuoles. When 
neurons took up Lucifer yellow, FITC-dextran,  or 
Texas red-ovalbumin from the medium via endocytosis 
at the growth cone,  100% of the phase-dense or- 
ganelles became fluorescent, demonstrating that they 
also contain products of endocytosis. Furthermore, 
pulse-chase experiments with fluorescent endocytic 
tracers confirmed that these organelles are formed in 
the most distal region of the axon and undergo net 
retrograde transport.  Quantitative ratiometric imaging 
with endocytosed 8-hydroxypyrene-l,3,6-trisulfonic 
acid showed that the mean pH of their lumena was 
7.05. These results indicate that the endocytic and au- 
tophagic pathways merge in the distal axon,  resulting 
in a class of predegradative organelles that undergo 
regulated transport back to the cell body, 
M 
ETABOLIC homeostasis in  cells requires  that  the 
synthesis of macromolecules be balanced by their 
degradation,  and that this balance be regulated  so 
as to allow rapid adaptation  to changing  conditions.  Neu- 
rons, and their axonal processes in particular,  present a spe- 
cial case for the regulation  of homeostasis, since their main 
synthetic  and degradative  compartments are located in the 
cell body, often at a considerable distance from the distal re- 
gion of the axon. It has long been clear that neurons convey 
the proteins and organeUes synthesized in the cell body out- 
ward to the axon via anterograde  axonal transport (for review 
see references  29,  62).  However,  the means by which the 
products of degradation  are retrieved  from the axon to the 
cell body by retrograde transport are more obscure, as are 
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the putative mechanisms  for coordinating  the rates of degra- 
dation and retrieval with the changing needs of the axon dur- 
ing its growth and maintenance. 
Protein  degradation  is accomplished  via both nonlyso- 
somal and lysosomal pathways, the former relying upon di- 
verse cytosolic proteases (13, 25, 33, 55), and the latter rely- 
ing upon the process of autophagy,  by which cytoplasmic 
contents are either nonspecifically sequestered within a boun- 
dary membrane and delivered by fusion to the lysosomal 
compartment (37, 40, 69), or specifically translocated across 
the lysosomal membrane (14). Degradation via the nonspecific 
autophagic-lysosomal  pathway can be stimulated to increase 
by stress, nutrient deprivation,  and hormone stimulation,  al- 
lowing the cell to adjust the rate of degradation  to its current 
conditions  (49, 66). Experimental manipulations  have dem- 
onstrated two significant control points in the pathway: the 
initial  sequestration  of cytosolic proteins  into  autophagic 
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with lysosomes (38, 68). A level of regulation intermediate 
to these two-that of the transport of autophagic vacuoles 
from their sites of formation to the lysosomes- has received 
less attention. Although the disruption of microtubules has 
been shown in several cell types to inhibit autophagosome- 
lysosome fusion (e.g., 42, 58, but cf. 56, 57), these studies 
have generally been interpreted in the light of the notion that 
microtubule-based motility facilitates but is not essential for 
organeUe  movements over short distances in nonneuronal 
cells. 
In neurons, however,  it is clear that microtubule-based 
transport is critically important to convey organelles along 
the axon (2, 29, 61, 62).  Since the growlh cone or synapse 
is separated from the main lysosomal compartment by the 
length of the axon, the formation of autophagic vacuoles is 
separated from their fusion with the lysosomes by a much 
larger distance, and presumably a longer time, than in non- 
neuronal cells. Thus, it seems likely that the nature and regu- 
lation of retrograde axonal organdie transport are central to 
the regulation of the autophagic-lysosomal pathway of pro- 
tein degradation in neurons. 
In this study, I have examined the role of retrograde trans- 
port in cellular homeostasis using embryonic peripheral neu- 
rons grown in culture. When these cells are viewed by phase 
contrast microscopy, the most prominent organelles seen are 
large, ovoid, refractile structures that undergo transport in 
both the anterograde and retrograde directions (35).  Their 
abundance and the fraction of them moving retrogradely 
have previously been demonstrated to increase when axonal 
outgrowth is blocked. Since this is a condition in which the 
quantity of protein and membrane being delivered to the ax- 
onal tip by slow and fast anterograde axonal transport is ex- 
pected to exceed the amount required to construct new axon, 
it was proposed that these organelles could serve to retrieve 
protein and membrane from the distal region of the axon 
(35). Here I report that these organdies show a highly plastic 
transport behavior in which the efficiency and volume of 
their retrograde transport is modulated by the physiological 
state of the neuron, and demonstrate that they contain mate- 
rial derived both from endocytic uptake and from bulk se- 
questration  of cytoplasm.  Thus,  they link the  lysosomal 
compartment in the cell body with autophagic and endocytic 
events of the distal axon, providing a regulated retrograde 
flux that balances anterograde axonal transport. 
Materials and Methods 
Materials 
All reagents, culture media, and supplements were obtained from Sigma 
Chem. Co.  (St.  Louis, MO) unless otherwise specified. Lucifer yellow, 
Texas  red-conjugated ovalbumin,  8-hydroxypyrene-l,3,6-trisulfonic acid, 
and fluorescent dextrans were obtained from Molecular Probes (Eugene, 
OR). Formaldehyde, glutaraldehyde, OsO4,  and Epon were obtained from 
Electron Microscopy Sciences (Fort Washington, PA). Forskolin was stored 
as a 20-mM stock in 100% ethanol at 4"C. Cytoehalasin E was stored fro- 
zen as a 2-mg/ml stock in 100%  DMSO. 
Cell Culture 
Sympathetic ganglia from E9-EI0 chick embryos were dissected into HBSS 
and dissociated by incubation for 20 min at 37"C in Ca  2+- and Mg2+-free 
HBSS containing 0.25%  trypsin. They were then washed with complete 
HBSS, dissociated into individual neurons by trituration in HBSS, and 
diluted to ,~100  cells/ml in Leibowitz L-15  medium supplemented with 
10%  FBS, 0.6%  glucose, 2  mM L-glutamine,  I00  U/mi penicillin,  I00 
/zg/ml  streptomycin, 0.5%  methylcellulose (Dow  Chemical  Co.,  Indi- 
anapolis, IN), and 50 ng/ml 2.5S mouse nerve growth factor (Boehringer 
Mannheim, Indianapolis, IN). Aliquots of this suspension were placed ei- 
ther into the wells of 6-well plates containing 22 x  22 mm glass coverslips 
(for light microscopy) or into a 60-ram culture dish with a 25  x  25-ram 
coverslip mounted over an 18-mm hole drilled in the bottom of the dish (for 
correlative light and electron microscopy), as previously described (35). 
Before use, coverslips were washed with alcohol, dry sterilized, and treated 
in succession with I mg/mi puly-t-lysine, and a laminin-enriched fraction 
of conditioned medium (44). For observation of neurons at short times after 
plating, cells were deposited onto the substratum by gentle centrifngation 
rather than passive settling. Ceils were grown in a humidified 370C incuba- 
tor for 12-48 h before observations. 
Light Microscopy 
Coverslips containing neurons were mounted upside down on a 24  x  60- 
mm glass coverslip using coverslip fragments as spacers, and the chamber 
was sealed with a 1:1:1 mixture of vaseline, lanolin, and paraffin. Chambers 
were mounted on the 37"C heated stage of a IM35 microscope (Carl Zeiss, 
Inc., Tbornwood, NY), and observed using phase contrast and/or epifluo- 
rescence optics with a 63 ×  Planapochromatic objective and an oil immer- 
sion condenser. For correlative light and electron microscopy and ratiomet- 
ric imaging, cells were observed on coverslips mounted on the bottom of 
drilled out culture dishes using a long working distance condenser. Pho- 
tomicrographs were taken using Kodak TMAX  100, 400,  or 3200 film. 
Video records were made using a Hamamatsu C2400 newvicon camera, an 
Image-1 image processor (Universal Imaging Corp., West Chester, PA), and 
a  Panasonic AG7300 sVHS recorder. Organeile movements were tracked 
from sVHS video recordings with a microcomputer-based  system consisting 
of a Mark IV video board (Michael Walsh Electronics, Pasadena, CA) and 
Measure software (provided by Dr. S. M. Block). 
Drug Treatments and Control of Outgrowth 
Before treatment with drugs or uptake markers, cultures were transferred 
to medium without methylcellulose to reduce viscosity and promote mix- 
ing. Forskolin (25-200 #M), cholera toxin (0.3-2.4 tLM), or 8-Br-cAMP 
(1-2 raM) were made up in culture medium into which coverslips were 
transferred for 20 rain before the observation and quantification of organeUe 
movements for  40  vain.  Axonal  outgrowth was  halted  by  one  of two 
methods, as previously described (35).  Briefly,  neurons were (a) plated 
onto coverslips which had first been silicunized and then shadowed with 
SiO through a  metal foil stencil to create 7-tim-wide hydrophilic strips 
50-800 gm long to which cell adhesion and growth were limited. Growth 
cones arriving at the end of a strip halted and became inactive. (b) Neurons 
were grown on laminin-treated coverslips as described above; then the cul- 
tures were treated with 1 t~g/ml of cytochalasin E, which stopped protrusive 
activity and growth cone advance but did not cause axonal retraction during 
the period of observation. 
Endocytic and Cytosolic  Labeling of  Live Cells 
To fluorescently label endosomes  and pinosomes, 500 pg/ml Lucifer yellow 
(LY) t, 100 gg/rnl Texas red-conjugated ovalbumin (TR-Ov), 400 pg/mi 10 
kD fluorescein isothiocyanate-cunjugated dextran (FITC-Dx),  or  1 mM 
8-hydroxypyrene-l,3,6-trisulfonic acid  (HPTS)  were  added  to  culture 
medium for 1-18 h and washed out before observation. For fluorescent  label- 
ing of cytosol, neurons were loaded by trituration (11) of trypsinized ganglia 
in 5 mg/rnl of 10 kD TR-Dx, and then the cell suspension was diluted 1,000- 
fold with medium, and ceils were plated out on coverslips as usual. After 
4-8 h  of growth, the cultures were washed thoroughly with HBSS and 
placed in fresh medium. As a control for the potential endocytic labeling 
of organdies  by  uptake  of residual  TR-Dx  left  in  the  medium  after 
trituration-loading,  separate  ganglia  were  triturated  in  the  absence of 
fluorescent label, and the dissociated neurons were then grown for 4-8 h 
in medium containing the same concentration of TR-Dx that was present 
1.  Abbreviations  used  in  this  paper:  HPTS,  8-hydroxypyrene-l,3,6- 
trisulfonic acid; LY, Lucifer yellow; FITC-Dx, fluorescein isothiocyanate- 
conjugated dextran; TR-Ov,  Texas-red-conjugated ovalbumin. 
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labeling of cytosol  and endosomes/pinosomes,  neurons were triturated in 
TR-Dx as described above, grown 24-48 h, and were then transferred to 
medium containing 400 ttg/ml of FITC-Dx. 
Determination of  pH 
Acridine orange (5 ~g/ml) was added to culture medium for 15-30 min with 
or without I0 mM NH4CI, washed out, and cells were observed and pho- 
tographed using epifluorescent  illumination with a standard Texas red filter 
set.  For quantitative pH determination, phase-dense organelles were  la- 
beled by endocytic  uptake of 1 mM HPTS (12, 24, 79) from the medium 
for >11 h. Cultures were then washed with unlabeled medium and viewed 
by phase contrast and epifluorescence  optics with a fluorescein  filter set. 
Excitation light was provided by a Tracor Northern Fluoroplex system (No- 
ran Instrs. Inc., Middleton, WI), with alternating 405 and 450 nm wave- 
length light transmitted through a pair of intermeshed optical fiber cables. 
Fluorescent images were gathered with a newvicon video camera equipped 
with  a  multichannel plate  image  intensifier (Videoscope  International, 
Washington,  DC), and the signal  was processed with a Tracor Northern 
TN8500 image processing system,  recording digital images after Kalman 
averaging  of 50 video frames.  After identifying phase-dense organelles 
using phase contrast optics,  fluorescent  images  were gathered by using a 
light chopper to alternately average 10 video flames at each wavelength five 
times in rapid succession.  Background  images were collected  in the same 
manner from an adjacent region of the coverslip,  and subtracted digitally 
from the stored images. The 450-nm image was then divided by the 405-nm 
image to obtain a ratio image, and the mean fluorescence  ratio of each or- 
ganelle was determined using a binary mask that restricted calculation to 
the pixels occupied by the organelle image. To establish an in situ standard 
curve for the relationship between fluorescence ratio and pH, neuronal cul- 
tures loaded with HPTS were incubated with 10 ttg/ml nigericin in 130 mM 
KCI,  15 mM Hepes,  15 mM MES buffer over a pH range of 5.0-7.6, and 
the fluorescence ratios of 10-20 organelles from several neurons were deter- 
mined at each pH. 
Correlative Light and Electron Microscopy 
Light microscope video records were made of phase-dense organelles mov- 
ing in regions with distinctive arrangements of axons, then while continuing 
the recording,  the cultures were fixed by addition to the medium of a large 
volume of 0.3 % formaldehyde, 0.625 % glutaraldehyde,  and 0.0075 % picric 
acid in warm unsupplemented L-15 medium. After 10 rain, cultures  were 
transferred to fresh fixative for 10 min, and were then processed and embed- 
ded as follows: pH 7.2 cacodylate buffer wash, 30 min incubation in caco- 
dylate buffer containing 1% OsO4, cacodylate buffer wash, pH 5.2 maleate 
buffer wash, 30 min in maleate buffer containing 1% uranyl acetate, maleate 
buffer wash.  Processed cultures were then dehydrated  and embedded in a 
wafer of Epon. The coverslips were then dissolved off of the plastic wafers 
by HF treatment, and the original field of view was relocated by light mi- 
croscopy  using the video record as a guide.  A small block_face  containing 
the original field was cut from the plastic wafer and thin-sectioned in the 
plane of the  original  culture  substratum.  Sections  were  picked  up  on 
formvar-coated  slot grids and stained briefly with saturated uranyl acetate 
followed by lead citrate.  Sections were viewed using a JEOL 100CX elec- 
tron microscope and the original microscopic field was located  and pho- 
tographed at low and high magnification. 
Results 
Regulation of Organelle Motility 
In contrast to the smooth unidirectional movements of orga- 
nelles seen in invertebrate giant axons (1) and in reactivated 
in vitro axonal transport models (4, 78) the phase-dense or- 
ganelles in sympathetic neurons underwent saltatory move- 
ment  as  they  traversed  the  axon,  with  frequent  stops  and 
changes of direction (Fig.  1).  Although they underwent net 
Figure I.  The movement of a 
phase-dense  organelle  along 
a  branched  axon,  shown  by 
video-enhanced phase contrast 
microscopy.  The cell body is 
far out of the field to the upper 
left,  and the growth cones of 
the two branches are out of the 
field to the bottom and right. 
A  phase-dense organelle (ar- 
rowheads)  moves retrogradely 
into the branch point (A-C), 
and back onto the main axon 
(D),  slows down (E),  and re- 
verses direction, moving 6 #m 
anterogradely  (F).  After  a 
short pause,  it again reverses 
direction, moving retrogradely 
(G-I). The time course of the 
sequence  is  indicated  by  the 
digital display at the lower right 
of each video field. Bar, 10 #m. 
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Figure 2. Experimental manipulation of the direction of transport 
of phase-dense organeUes. (A) Instantaneous measurements of the 
number of  phase-dense organelles moving in each direction per mm 
of axon under three different growth conditions: forskolin-contain- 
ing medium, normal medium (growing), and cytochalasin-contain- 
ing medium (blocked). Anterograde bars are marked A, retrograde 
bars, R. Each bar represents the analysis of the movement of 96- 
236 organelles on 61-72 neurons in 3-5 separate experiments. Er- 
ror brackets indicate 1 SEM. (B) The mean duration of movement 
between stops is shown for the anterograde and retrograde direc- 
tions under all three growth conditions. Each bar represents analy- 
sis of the behavior of 25-227 separate organdie movements on 24- 
40 axons. Error brackets indicate 1 SEM. The mean for retrograde 
movements in both forskolin-treated  and blocked axons, and for 
anterograde  movements in blocked  axons,  differed  significantly 
from those in growing axons (P < 0.01 in a two-sample, one-tailed 
t test). (C) The % chance of an organdie continuing in its original 
retrograde transport in growing axons, this could be biased 
more highly  in the retrograde direction by halting  axonal 
elongation  using  substratum-associated  barriers  or  drug 
treatment  (35).  To analyze the  regulation  of transport  in 
more detail, conditions were sought that would produce the 
opposite effect: biasing their movement in the anterograde 
direction.  Three different agents that increase intracellular 
cAMP in neurons-forskolin (64,  65),  cholera toxin (7,  8, 
23, 47), and 8-Br-cAMP (20)-each gave a dose-dependent 
increase in the ratio of anterograddy moving/retrogradely 
moving phase-dense organdies.  For the following analyses 
of the regulation of organdie behavior, forskolin, whose ef- 
fect on transport plateaued at 100 #M, was used to promote 
anterograde movement. 
As a simple measure of the net flux of organdies under the 
three  different growth conditions,  instantaneous  measure- 
ments of the number of phase-dense organdies moving in 
each direction per mm of axon were made (Fig. 2 A). The 
ratio of retrogradely/anterogradely moving organdies was 
1.6 in growing axons and this fell to 0.6 in forskolin-treated 
axons, and rose to 11.2 in axons with their outgrowth blocked. 
In addition, the mean number of total phase-dense organdies 
present per mm of axon rose from 6.2 (SEM  =  1.1, n  =  96) 
in growing axons, to 8.1 (SEM  =  0.8, n  =  81) in forskolin- 
treated axons, and further to 14.9 (SEM  =  1.8, n  =  258) in 
blocked axons. To determine what specific aspects of trans- 
port behavior were altered under conditions that biased the 
retrograde/anterograde ratio,  the mean duration of antero- 
grade and retrograde movements between stops were deter- 
mined for all three growth conditions (Fig. 2 B). The mean 
retrograde and anterograde movements were 1  ls and 5s, re- 
spectively, in growing axons. Forskolin treatment decreased 
the duration of the average retrograde movement relative to 
untreated controls without affecting the duration of antero- 
grade movements. Blocking axonal outgrowth increased the 
duration of retrograde movements and decreased that of an- 
terograde movements. The regulation of direction switching 
was analyzed by determining under all three conditions the 
probability that an organelle would continue in its original 
direction of movement after a stop. Forskolin treatment in- 
creased the probability of persistent anterograde movement 
and decreased the probability of persistent retrograde move- 
ment relative to control cultures, while blocking axonal out- 
growth had the opposite effect (Fig.  2  C). 
Autophagic Tracers 
Previous immunocytochemical evidence has suggested the 
phase-dense organeUes contain cytosolic proteins (35), pre- 
sumed to be enclosed in membrane by autophagy. To assess 
whether this might be the case, the cytosol of neurons was 
loaded with 10 kD TR-Dx, an inert fluorescent marker that 
is sequestered by autophagy and delivered to the lysosomal 
compartment, but not degraded (31). Triturating the ganglia 
in TR-Dx during the standard dissociation introduced the la- 
bel into virtually 100% of the ceils by transient membrane 
wounding (11); they were then plated out and grown as usual. 
direction of movement after a stop is shown for all three conditions. 
Each bar represents peoled percentage data from 48-116 organeUe 
movements on 24--40 axons analyzed under each condition, over a 
total of -,100 organelle-min of observation. 
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into normeuronal cells (71), TR-Dx initially labeled the neu- 
ronal cytoplasm uniformly and intensely (Fig. 3, A and B), 
but over a  period of 48 h,  the label was cleared from the 
Figure  3.  Sequestration  of 
cytosolic TR-Dx into phase- 
dense  organdies.  Live  cells 
are  shown in phase  contrast 
(A,  C, E,  G, /,  and K) and 
paired epiffuorescence (B, D, 
F, H, J, and L) micrographs. 
Several hours after cytosolic 
loading with TR-Dx, neurons 
showed uniform diffuse stain- 
ing  (A  and  B);  fibroblasts 
showed diffuse  staining and 
already displayed some punc- 
tate staining (E and F). Over 
48 h in neurons, and a shorter 
period in fibroblasts, the gen- 
eral cytosolic staining disap- 
peared, and the distribution of 
label became entirely punctate 
(neuron: C and D, fibroblast: 
G and H). During this time, 
the phase-dense organelles in 
axons became intensely fluo- 
rescent (I-L, note higher mag- 
nification). Bars,  10/~m. 
cytosol of axons and ended up in a  punctate,  presumably 
lysosomal, compartment near the nucleus (Fig. 3, C and D). 
The sequestration process is more easily seen for the entire 
cell by viewing the nonneuronal cells present in sympathetic 
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period in which the label was being cleared from the axons 
to the cell bodies, 100% of the phase-dens~ organdies were 
brightly fluorescent (Fig. 3, l-L), and they were the major 
fluorescent structure in the axon. These data indicate that the 
phase-dense organelles sequester cytoplasmic contents. 
Control experiments were performed to rule out two pos- 
sible alternative explanations of these results. The first was 
that the apparent autophagic sequestration of  cytoplasmic la- 
bel by phase-dense organeUes could actually have resulted 
from endocytic uptake of residual TR-Dx left in the medium 
after trituration loading and dilution of the ceils. To address 
this, cultures were triturated in the absence of label, and then 
grown for several hours in the concentration of TR-Dx that 
would have remained in the medium after trituration loading 
and  dilution  (~5  #g/ml);  this treatment did not result in 
fluorescent labeling  of phase-dense  organelles.  A  second 
possibility was that the slow sequestration of TR-Dx resulted 
not from autophagy, but from slow cleavage of Texas red 
from the dextran molecule, superimposed upon rapid  se- 
questration of the free dye via nonautophagic mechanisms 
such as organelle membrane ion transport (72).  Although 
the absence of any known zwitterionic organelle membrane 
pump made this unlikely, we addressed the possibility by 
trituration-loading neurons with unconjugated Texas red at 
molar concentrations >t the concentration that had been de- 
livered as dextran-conjugated dye. These cells sequestered 
cytosolic fluorescent label with the same time course as the 
TR-Dx-loaded cells, clearing the label slowly from a diffuse 
cytosolic  distribution to an exclusively  punctate one in 48-72 
h, and thus indicating that there was no rapid sequestration 
mechanism  delivering  free dye  into  the  phase-dense  or- 
ganelles (not shown). 
OvganeUe Ultrastructure 
To extend the analysis of this class of organelles-previously 
defined only by its appearance and behavior at the light mi- 
croscope level-to the ultrastructural level, correlative light 
and electron microscopy were performed. Video recordings 
of axons containing  moving phase-dense organelles  were 
made using phase contrast optics, and then the cultures were 
fixed, processed, and embedded for transmission electron 
microscopy. Video records were used to identify the original 
light microscope fields in thin sections cut parallel to the 
original culture substratum, and 29 phase-dense organelles 
of known behavior and appearance before fixation were relo- 
cated from 11 different light microscope fields. The ultra- 
structure was relatively consistent among organelles: each 
had a  bilamellar or multilamellar boundary membrane of 
varying thickness, and a granular lumen that contained vari- 
ably  recognizable  cytoplasmic  contents  such  as  vesicles 
Figure  4. Correlative light and 
electron microscopy. Moving 
phase-dense  organdies  were 
observed  by  phase  contrast 
microscopy and recorded on 
video tape and 35 nun nega- 
tives before  fixation. A is  a 
light micmgraph taken at the 
time  of fixation. The boxed 
area  contains  three  phase- 
dense  organeUes  that  were 
moving at the time of fixation. 
Bar, 20 #m. B is a low mag- 
nification thin section electron 
micrograph of the region out- 
lined by a black box in A. The 
organelles had moved slightly 
between the time that A was 
taken and the moment of ef- 
fective fixation. Bar, 2 ~m. C 
shows the region outlined in B 
at higher magnification, dem- 
onstrating the fine structure of 
one of the moving organelles. 
Bar, 0.2 ~m, D, E, and F show 
other examples  of  phase-dense 
organelles that were first iden- 
tiffed at the light microscope 
level and then relocated in thin 
sections; these were chosen to 
represent the range of varia- 
tion in morphology that was 
seen. During the period of ob- 
servation  before fixation, these 
organelles moved  retrogradely 
(E), anterogradely (D), or in 
both directions (C and F). 
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neurons were allowed to take up lucifer yellow or other markers 
from the  culture  medium  by endocytosis,  the  phase-dense  or- 
ganelles  (A, arrowheads)  became brightly labeled (B, same field 
viewed by epifluorescence). After washing lucifer yellow out of the 
culture medium for 4-16 h, punctate fluorescence accumulated in 
the cell bodies; here a cluster of three cell bodies is shown in phase 
contrast (C), with the areas of the nuclei, which excluded label, in- 
dicated by x's in a paired fluorescence micrograph (D). Bar, 10/~m. 
After fluorescent label was washed out of the culture medium, the 
percent  of  phase-dense  organelles  that  were  fluorescent  was 
quantified (E) at time intervals up to 240 min for the entire axon 
(o) and for three adjacent axonal segments: the most distal 100 #m 
of axon (immediately proximal to the growth cone)  (.); the  100 
#m segment between 100 and 200 #m from the growth cone (o); 
(Fig.  4).  This is  in  general  similar to predegradative au- 
tophagic vacuoles as described in these neurons (6) and in 
nonneuronal cells (e.g.,  16). Their appearance did not vary 
in any systematic way with the direction that the organdie 
was moving before fixation. 
Endocytic  Tracers 
The  autophagic  tracer  experiments described  above indi- 
cated  that  phase-dense  organeUes  convey  sequestered 
cytoplasm, but  since they appeared to undergo  net  retro- 
grade transport, it seemed possible that they were also con- 
veying products of endocytosis away from the growth cone. 
To test this, active growth cones were allowed to take up LY, 
TR-Ov, or FITC-Dx from the culture medium by endocyto- 
sis.  Under these conditions,  100%  of the phase-dense or- 
ganelles became brightly fluorescent (n  =  244),  and they 
were the most prominent fluorescent structures in the axons 
(Fig. 5, A and B), although small fluorescent structures, pre- 
sumably conventional endosomes or multivesicular bodies 
(51), were also apparent (see Fig. 6, A and B). When fluores- 
cent label was removed from the medium, it was chased back 
to the cell bodies where it assumed a punctate juxtanuclear 
distribution (Fig. 5, C and D). To confirm quantitatively that 
the  endocytosed  material  was  undergoing  net  retrograde 
transport in these organelles, a pulse-chase experiment was 
performed: 48-h-old neuronal cultures  with axons "~1,000 
#m  in  length  were  incubated  with  LY-containlng  culture 
medium for 12-18 h, and then the labeled medium was re- 
placed with normal medium, and the  % of phase-dense or- 
ganeUes that were fluorescent was quantified at time intervals 
for different regions of the axon. Over a 4-h chase period, 
the % of phase-dense organdies that were fluorescent along 
the entire axon dropped steadily (Fig. 5 E) and the fluores- 
cence  accumulated  in  the  cell  body.  More  important, 
fluorescent organelles were cleared most quickly from the 
100-tzm segment of each axon nearest the growth cone, fol- 
lowed by more proximal segments in order of their distance 
from the growth cone (Fig. 5 E). Thus, after the removal of 
endocytic tracer from the medium, a wave of unlabeled or- 
ganelles swept retrograddy down the axons from their tips. 
These data demonstrate that the phase-dense organdies sup- 
port a  vectorial traffic of endocytic label from the growth 
cone  to  the  cell  body.  Anterograde  axonal  transport  of 
fluorescent organelles derived from endocytosis at the cell 
body was not observed. 
The 100 % labeling of phase-dense organdies via both au- 
tophagic and endocytic tracers indicated that products of en- 
docytosis and autophagy were indeed being targeted to the 
same  individual  organelles,  but  to  confirm this,  neurons 
were double-labeled by introducing TR-Dx into the cytosol 
by trituration-loading,  grown for 24 h,  and then endocyti- 
cally labeled by uptake of FITC-Dx from the medium. These 
and the 100 #m segment between 200 and 300 #m from the growth 
cone ([]). The four descending curves demonstrate that lucifer yel- 
low was cleared fastest from the most distal region of the axon, and 
exited the axon vectorially, from distal to proximal regions, toward 
the cell body. The departure  from 100% of the initial time point 
on the curves is an artifact of the chasing of fluorescence that oc- 
curred during the time necessary to make the initial measurements. 
Each point on each curve represents 40-120 organelles scored on 
20-26 separate axons. 
Hollenbeck Regulated Retrograde Axonal Transport  311 Figure 6. pH of  phase-dense organelles. Phase contrast microscopy 
(A) and epifluorescence microscopy (B) of a live neuron allowed 
to take up HPTS from the culture medium shows the bright fluores- 
cence of  the large phase-dense organelle (arrowhead  in both micro- 
graphs) in addition to the smaller conventional endosomes or mul- 
tivesicular bodies that are invisible in phase (arrows in B). Bar, 10 
tzm. (C) Quantitative pH determination. The standard curve for 
clamped organdie pH vs. the ratio of  fluorescence intensities at 450 
and 405 nm excitation shows the high sensitivity of  the fluorescence 
ratio to pH in the physiological range. Each point is the mean of 
the ratio for 10-20 organelles in several different neurons. (D) The 
distribution of pH values determined for phase-dense organelles in 
axons (clear bars)  and various organdies in cell bodies (shaded 
bars). Some organdies in the cell bodies (4/28) had fluorescence 
ratios lower than the lowest point on the standard curve and were 
not included here.  Data  are derived from 11  axons and  10 cell 
bodies. 
experiments confirmed the results of separate experiments 
with endocytic and cytoplasmic tracers: the phase-dense or- 
ganelles were positive for both labels, and thus contained 
material from both pathways (not shown). 
pH Determination 
To  determine  whether  the  phase-dense  organelles  were 
acidic, cultures were incubated briefly with the fluorescent 
weak base acridine orange. This resulted in the phase-dense 
organelles becoming brightly fluorescent; however, simul- 
taneous treatment of cultures with the competing weak base 
ammonium ion failed to eliminate acridine orange fluores- 
cence in the phase-dense organdies, indicating that acridine 
orange was not an accurate reporter of lumenal pH for these 
organelles. This prompted quantitative pH determination. In 
these experiments, neurons were allowed to take up HPTS 
by endocytosis from the culture medium (Fig. 6, A and B), 
and the phase-dense organdies were analyzed in live cells by 
ratiometric  imaging  (24).  Endocytically labeled  neurons 
were also used to prepare a pH standard curve for organeUes 
in situ using standard pH buffers and the ionophore nigeri- 
cin. This established for organelles the sensitivity of HPTS 
fluorescence to pH variation in the physiological range (Fig. 
6  C),  as has been reported for phospholipid and flagellar 
membrane vesicles in vitro (12, 39, 45), and for cytosol (21, 
22, 24, 48). Measurements on phase-dense organelles taken 
throughout the axons gave a mean pH value of 7.05 (SD  = 
0.06, n  =  21).  Few if any endocytically labeled axonal or- 
ganelles of any kind were acidic, although the pH organelles 
in the cell body routinely ranged from <5 to 7 (Fig. 6 D). 
Discussion 
During  neural development,  anterograde axonal transport 
delivers to the region of the active growth cone the protein 
and membrane necessary for the construction of new axon. 
When axonal outgrowth slows or halts temporarily during 
development, or when it stops completely upon the forma- 
tion of a synapse, the anterograde flow continues, raising the 
question of how the distal axon achieves material homeosta- 
sis.  Retrograde organelle transport is well known to convey 
important products of endocytosis from the terminal to the 
cell body (e.g.,  15,  18,  32,  43),  and radiolabeling studies 
have  indicated  that  it  also  retrieves  endogenous  macro- 
molecules (29).  However, despite the identification via ax- 
onal disruption studies  of various putative predegradative 
structures as part of the retrograde flow (e.g.,  19, 70, 74), 
the properties of that traffic and its relation to other events 
in the distal axon has remained unclear. We have previously 
shown that in peripheral neurons, one class of retrogradely 
moving organelles increases in number and displays more 
efficient net  transport  under  conditions designed to max- 
imize the excess of material arriving at the axonal tip (35). 
We proposed that this particular class of organelles might 
serve  to  balance  anterograde  transport  with  the  varying 
needs of the distal axon by retrieving an appropriate amount 
of excess cytoplasmic material back to the cell body. Here 
I have addressed this hypothesis by analyzing the behavior, 
properties, and ultrastructure of these organelles. 
Properties and Ultrastructure 
The properties of the phase-dense organelles are consistent 
with a bulk retrieval function. Their bright fluorescence dur- 
ing  autophagic  clearing of fluorescent dextran from axo- 
plasm showed that they sequester cytoplasmic contents, and 
their net retrograde transport indicates that they must arise 
in the distal axon and convey their contents to the cell body. 
In  addition,  correlative electron microscopy revealed that 
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vacuoles (e.g.,  16,  17), bearing in mind the considerable 
variation in morphology of  autophagic vacuoles seen in these 
neurons  (6).  They could bear  some relation to  the mul- 
tivesicular bodies seen in the distal axon, which are accessi- 
ble to exogenous tracers (5, 36, 51). However, this is unlikely 
since these seem not to persist throughout retrograde trans- 
port (5),  and in this study of peripheral axons, images of 
multivesicular bodies were rare. They are unlikely to be deg- 
radative, since they are not acidic (Fig. 6), and since matura- 
tion of autophagic vacuoles from the early to the degradative 
stage is thought to be accompanied by reduction of the mul- 
tilamellar membrane to a single one (16, 63). It also requires 
fusion of the vacuoles with lysosomes or dense bodies, an 
event which seems unlikely because of the paucity of these 
elements in the distal axon (53). In addition, the phase-dense 
organelles did not stain positively for acid phosphatase or 
mannose-6-phosphatase receptor (not shown). These data, 
taken  together  with  previous  evidence  that  they contain 
cytoskeletal proteins and membrane (35), indicate that these 
organelles are neuronal predegradative autophagic vacuoles. 
The origin of the vacuolar membrane in axons is likely to 
differ from that of autophagic vacuoles in nonneuronal cells. 
In hepatocytes, for instance, it is clear that cytoplasm is se- 
questered into autophagic vacuoles by membrane derived 
from denuded areas of the rough ER (16). Here however, the 
organelles are arising in the distal axon, an area devoid of 
bona fide rough ER. Nonetheless, the organelle-rich region 
of the growth cone has other potential sources of membrane 
for autophagic  vacuole  formation,  including elements of 
smooth ER (53) as well as the membranous tubules or cister- 
nae found near the terminal (e.g., 9, 30, 34, 36, 46, 59). The 
latter structures appear to be involved in local recycling in 
the growth cone, since they receive products of endocytosis 
by fusion and may also supply membrane for exocytosis (10). 
If such an intermediate recycling compartment, whose lu- 
men contains products of endocytosis, also supplies mem- 
brane for autophagic vacuole formation it would explain an- 
other result seen in this study: the presence in the neuronal 
vacuoles of fluorescent tracer derived not only from cyto- 
plasm, but also from endocytosis in the growth cone region 
(not  shown).  A  class  of  organelles  that  constitutes  a 
prelysosomal fusion of the endocytic and autophagic com- 
partments has been described in hepatocytes by Gordon et al. 
(27, 28), who designated it the amphisome. In the axon, the 
occurrence of both endocytosis and autophagic vacuole for- 
mation in the  region of the growth cone,  along with the 
potential differences in autophagic vacuole formation dis- 
cussed above,  may make such a  dual compartment more 
likely to occur than in nonneuronal cells. In addition, the 
long retrograde transit that intervenes between its formation 
and delivery to the lysosome increases its residence time in 
the neuron, making it a more prominent organelle in axons. 
Significance of Regulated OrganeUe Motility 
Although axonal autophagic vacuoles underwent net retro- 
grade transport, they made both anterograde and retrograde 
movements, and in actively elongating axons their retrograde 
progress was relatively inefficient. Conditions that halt ax- 
onal outgrowth reduced the fraction of time that they spent 
moving in the anterograde direction and increased the frac- 
tion spent moving in the retrograde direction, while treat- 
ments  that  elevate  intraceUular  cAMP  had  the  opposite 
effect. Both effects were due to direction-specific changes in 
the length and persistence of movements (Fig. 2), indicating 
specific  regulation  of motility.  Thus,  axonal  autophagic 
vacuoles provide a clear example of highly plastic organdie 
motility that is regulated in concert with physiological condi- 
tions. But why should the movement of retrogradely trans- 
ported structures contain an anterograde component? As a 
consequence of  being composed of  membrane that was origi- 
nally delivered to the distal axon by anterograde transport, 
these organdies probably bear functional anterograde motor 
proteins (3, 74-77) or their receptors (73; Toyoshima, I., Jo 
Lockman, H.  Yu,  and M.  P.  Sheetz.  1991. J.  Cell Biol. 
115:381a.)  on their surfaces, in addition to retrograde mo- 
tors (52, 60). Although the continued activity of the antero- 
grade motors could be merely a kind of statistical "noise; 
its modulation by changes in physiological conditions (Fig. 
2) argues that it is more likely to be specifically regulated 
in concert with retrograde movements. 
This raises the larger question of why autophagic vacuole 
transport should be regulated at all. In nonneuronal cells, the 
rate-limiting step in autophagy is the initial sequestration of 
cytoplasm into vacuoles (50), and evidence suggests that this 
is the major control point in the pathway (26, 41, 54, 63, 67). 
It is clear from the analysis performed here of organdie 
numbers and movements that autophagic vacuole formation 
is highly regulated in neurons as well: although the more 
efficient retrograde movement induced by halting outgrowth 
must clear organelles out of the axon more rapidly, the num- 
ber of organdies per unit length of axon under these condi- 
tions actually increased 2.4-fold, indicating an even larger 
increase in their rate of formation in the distal axon (Fig. 2). 
But because of the functional asymmetry of the neuron, au- 
tophagy must not only sequester cytoplasm, but must also 
redistribute it regionally. The regulation of motility revealed 
in this study accomplishes this, matching the increased rate 
of organelle  formation under  conditions of blocked  out- 
growth with a modulation of  transport behavior that retrieves 
them to the lysosomal compartment in the cell body more 
quickly and also presumably yields a regulation of axonal 
volume that is appropriate to the growth conditions of the 
"neuron. An additional possibility is that the rate of transport 
along the axon influences their degree of acidification and 
likelihood of  fusion with hydrolase-bearing vesicles in the vi- 
cinity of the cell body, both of which could affect the overall 
rate of autophagic degradation. 
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